A long-lived prethermal state may emerge upon a sudden quench of a quantum system. In this paper, we study a quantum quench of an initial critical state, and show that the resulting prethermal state exhibits a genuinely quantum and dynamical universal behavior. Specifically, we consider a scenario where the "speed of light" characterizing the propagation of local perturbations is suddenly quenched at criticality. We also find that the system approaches the prethermal state in a universal way described by a new exponent that characterizes a kind of quantum aging.
The dynamics of quantum many-body systems following a sudden change of the Hamiltonian, also called a quantum quench, is one of the most active areas of nonequilibrium quantum physics [1] . It is widely believed that, after a quantum quench, isolated systems generically approach a thermal state (many-body localized systems being an exception) [1] [2] [3] [4] [5] [6] . However, a long-lived quasi-stationary prethermal state may emerge before the onset of thermalization [7] ; this typically occurs when there are approximate conserved quantities preventing a complete loss of memory of the initial state and an immediate thermalization [8] [9] [10] [11] [12] [13] [14] . Prethermalization has also been observed in experiments [15] [16] [17] .
Just like their thermal counterparts, prethermal states can exhibit universal scaling relations [18] [19] [20] [21] [22] [23] [24] . In analogy with thermal phases where a critical state can be reached by tuning the temperature to its critical value, a prethermal critical state emerges by tuning the control parameter of the quench. These critical states exhibit long-range correlations, within a long time window, with distinct universal properties [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Moreover, the approach to the (prethermal) critical point leads to a distinct short-time universal behavior as the system still retains its memory of the initial state, and exhibits a kind of quantum aging; the analog of this phenomenon is also studied in open quantum systems [42] [43] [44] [45] . Despite recent progress, it appears that quantum features are at least partially obscured upon a quench in a closed system due to the emergence of an effective temperature [36] [37] [38] . As a result, short-time universal behavior exhibits features that resemble those of classical aging [46, 47] .
In this work, we propose a quench protocol that goes beyond the paradigm of partial or full thermalization, and gives rise to a genuinely quantum dynamical universality class and a new type of short-time universal behavior. Specifically, we consider a many-body quantum system where the speed of light characterizing the propagation of local perturbations is suddenly quenched at criticality, and reveal the rich, universal dynamics before the onset of thermalization.
We first review a simple argument for why an effective temperature generically arises following a sudden quench, and discuss later how such a scenario can be evaded. A paradigmatic example is a system of weakly interacting (bosonic) particles. Let us ignore interactions, and take the quasiparticle spectrum as ω 0k and ω k before and after the quench, respectively. As different modes are decoupled in a non-interacting system, we simply need to consider a collection of harmonic oscillators upon a sudden change of their natural frequency
where φ k and Π k represent the (bosonic) field and its conjugate momentum, respectively, at momentum k. Assuming that initially the system is at zero temperature, the initial energy of each mode is E 0k = ω 0k /2; the equal distribution between the kinetic and potential terms leads to |Π k | 2 0
= ω 0k /4 and |φ k | 2 0 = 1/(4ω 0k ). Using these values, the expectation value of the energy after the quench is E k = (ω 0k + ω 2 k /ω 0k )/4. Therefore, the quasiparticle distribution following the quench becomes [56] . Clearly, n k = 0 in the absence of the quantum quench when ω 0k = ω k . For a quench from an initial state far from the critical point, ω 0k ≈ ω 0 is a large constant independent of k, and thus the quasiparticle distribution becomes n k ≈ ω 0 /(4ω k ). Comparing against a thermal distribution at high temperatures, n k ≈ T /ω k , one finds an effective temperature T eff ≈ ω 0 /4 [37, 38] . Nevertheless, the emergence of an effective temperature does not indicate a fully thermal behavior at short times. In fact, the system may be quenched to a prethermal critical point with the dynamic exponent z = 1 reminiscent of quantum phase transitions. Therefore, the dynamics will have mixed features that are partially thermal and partially quantum [34, [36] [37] [38] . However, to fully expose quantum features, we propose a quench protocol that circumvents the emergence of an effective temperature.
Quench protocol.-This work is based on a different quench protocol (solid vs. dashed arrow in Fig. 1 ) where the initial state is at a quantum critical point. In this case, ω 0k vanishes at long wavelengths as k → 0, and subsequently the post-quench quasiparticle distribution is no longer thermal (n k 1/ω k ); neither does it correspond to zero temperature (n k = 0). The fine-tuning of both initial and final parameters is reminiscent of the double fine-tuning (of both temperature and mass) in equilibrium quantum phase transitions [48] . Indeed we show that a quantum quench from an initial quantum critical point to a prethermal critical point leads to a dynamical universality class of a genuinely quantum nature.
In particular, we consider a generic situation where the dispersion relation is linear at both pre-and post-quench critical points, ω 0k = c 0 |k| and ω k = c|k|; here, c 0 and c play the role of the "speed of light" before and after the quench, respectively. In a sense, in the protocol described here, the speed of light is suddenly quenched at the critical point. At a microscopic level, this can be achieved, for example, by manipulating the hopping amplitude on a lattice which directly affects the propagation of local propagations. A generic example with such properties is provided by the O(N ) model introduced below. We should remark that quantum quenches from a gapless to another gapless phase has also been studied in the context of the Luttinger model and its close relatives as well as Fermi liquids [9, [49] [50] [51] [52] [53] . However, the latter do not fall in the paradigm in Fig. 1 since the critical behavior (e.g., critical exponents) discussed in these contexts has been limited to quasi-long-range order in low dimensions. In contrast, the focus of this paper is to study critical points corresponding to truly-ordered phases.
Model.-Due to their simplicity and generality, we consider the O(N ) models which describe, among other things, the (near-)critical behavior of Ising models, Josephson junction arrays, and quantum antiferromagnets [48] . The Hamiltonian of the O(N ) model in d dimensions is given by denotes the "speed of light". This model has a Lorentz symmetry, and whose dispersion relation is linear, ω k = c|k|, at its (equilibrium) critical point. A crucial property of this model is that it is integrable for N = ∞ [33] [34] [35] , and thus a long-lived prethermal state emerges for large values of N .
The quantum quench described earlier is one that the speed of light suddenly changes from c 0 at an initial equilibrium critical point to c at a prethermal critical state (the latter yet to be determined). While the critical behavior of many-body systems in equilibrium depend on few features such as dimensionality and symmetry, those describing a prethermal state may also depend on the relative values of pre-and post-quench parameters. Indeed we shall see shortly that critical exponents depend on the ratio c 0 /c in a nontrivial way. Moreover, we find that the dynamics is qualitatively different depending on whether c 0 /c < 1 or c 0 /c > 1 where the causal region defined by the light cone expands or shrinks upon the quantum quench, respectively (see Fig. 2 ).
Prethermal critical state via RG.-The nonequilibrium nature of the quench problem necessitates a framework suited for such situations. A powerful tool is the Keldysh functional integral that, together with renormalization group (RG) theory, allows us to systematically study time evolution as well as nonequilibrium stationary states. We first focus on the critical properties of the stationary prethermal state reached at late times. We shall relegate technical details to the Supplemental Material (SM), and report the RG equations at one loop:
The speed c is unrenormalized at one loop, and possibly to all orders, yielding the dynamic exponent z = 1. The RG equations are written in a standard notation where space and time are rescaled by a factor b = e −l and Λ defines the UV cutoff. As is typical in nonequilibrium situations, we have chosen a renormalization scheme where a momentum shell integral e −l Λ < |k| ≤ Λ is replaced by one that involves a soft cutoff; see the SM for details. Several characteristics of these RG equations are in order: (i) The upper critical dimension is d = 3, which will justify a perturbative RG analysis in = 3 − d; this is also a feature of equilibrium quantum phase transitions of the O(N ) model at zero temperature, therefore it serves as an indication towards a genuinely quantum behavior in our nonequilibrium setting. (ii) The RG equations (and critical exponents discussed shortly) depend on the initial state via c 0 . This is a general feature of prethermal states as they retain some memory of the initial state and are thus in a sense less universal than thermal states in that they depend on more parameters. Properties (i) and (ii) indicate genuine quantum and dynamical features of the prethermal state. (iii) To the order considered here, the RG equations describe both an initial state at the Gaussian fixed point (r 0 = 0, u 0 = 0) as well as one at the Wilson-Fisher (WF) fixed point of the interacting model (r 0WF , u 0WF ) with the subscript 0 corresponding to c 0 ; see the SM for an explanation. (iv) To the lowest order in u, the RG equations at c 0 = c reduce to those in equilibrium (at comparable order using the same renormalization scheme). Although r and u may still take different values before and after the quench, their effect appears only at higher orders in u.
To study the RG equations in more detail, we first determine the fixed point of the RG flow. To the first order in , we find
Note that generally (r dyn , u dyn ) = (r WF , u WF ), the latter being the equilibrium WF fixed point corresponding to c which, to this order, is obtained by setting c 0 → c in the above equation. Therefore, (r dyn , u dyn ) describes a new, dynamical fixed point. The RG equations can be linearized around the fixed point to find the corresponding eigenvalues, which in turn determine the critical exponents. We find that the exponent ν characterizing the divergence of the correlation length with the distance from the critical point (ξ ∼ δr −ν ) is given by
Remarkably, this exponent depends (continuously) on the ratio c 0 /c, hence the universal dependence on the initial state. Also, for c = c 0 , it assumes its equilibrium value ν eq to the leading order. Finally, the exponent ν approaches its mean-field value ν = 1/2 to the first order in as c 0 /c → 0. To see why this is so, we first note that the exponent ν is related to the renormalization of the mass term r. To the lowest order, the latter is renormalized by ∆r ∼ u φ 2 . For small c 0 , the field φ is highly fluctuating before the quench, and φ 2 is dominated by the contribution due to its pre-quench value, and thus would be less sensitive to the mass term r in the final Hamiltonian. The latter implies that the renormalization correction can be simply absorbed in the fixed point value of r, therefore not changing ν away from its mean-field value.
The RG equations, their fixed point, and the corresponding eigenvalues are reminiscent of the WF fixed point of a quantum critical point with the dynamic exponent z = 1; however, the emergence of the ratio c 0 /c defines a new quantum dynamical universality class with distinct properties. In Fig. 3 , we have shown the oneparameter family of fixed points as a function of c 0 /c and the corresponding RG flow at some, including extreme, values of c 0 /c; the exponent ν is also plotted as a function c 0 /c to the first order in . The topology of the RG flow is the same as that of the WF fixed point. In particular, there is only one relevant direction away from any fixed point, and therefore, to access the prethermal critical state, only one parameter (r) should be tuned at the quench. (The other fine-tuning is due to the choice of the initial state at the critical point.) However, the corresponding eigenvectors and eigenvalues of the RG flow are different and depend on c 0 /c.
Finally, we stress again that a long-lived prethermal state emerges for large values of N , while dissipative terms appear over a time scale that diverges with N [33-38, 54, 55] . Therefore, the equations in this paper should be properly understood as a series expansion in 1/N . As is typical in a number of physical contexts, it may be that even a fairly small value of N -such as N = 2, 3 readily accessible in experiments-is large enough to exhibit the features reported here.
Short-time universal behavior.-Heretofore, we have studied the system as it approaches a quasi-stationary prethermal state. Nevertheless, one can also probe universal properties pertaining to early dynamics, for example, by inspecting the response of the system to a perturbation at early times; this information can be obtained from the response function G R (t, t , x − x ) = −iΘ(t − t ) [φ(x, t), φ(x , t )] − . At later times when the system has reached a prethermal critical state, the response function only depends on the difference between times t and t , and its Fourier transform in momentum space (k ≡ |k|) takes the scaling form
with f a scaling function, η the anomalous scaling dimension, and z the dynamic exponent; in the prethermal state discussed here, η = O(
2 ) and z = 1. On the other hand, the response function to a perturbation at early times should explicitly depend on both t and t . In the limit t /t → 0, the response function to the leading order takes the scaling form G R (t t , k) = (t/t ) θ k −2+η+z g(k z t) where a new exponent θ emerges along with a scaling function g characterizing the corresponding universal behavior [37, 38, 42, 43] . We find the exponent θ from a perturbative one-loop RG calculation as
This equation describes a genuinely quantum short-time exponent with no analog in either classical or, past studies of, quantum systems. Given that the short-time behavior is tied to the critical properties of the long-lived prethermal state, the exponent θ, similar to those at the prethermal critical state, also depends continuously on the ratio c 0 /c. Interestingly, this exponent has opposite signs for the two regimes c 0 /c < 1 and c 0 /c > 1, see Fig. 4 . The reason for such behavior can be understood on general grounds. First note that the response function G R (t, t ) (momentum dependence is suppressed) characterizes the response of the system to an infinitesimal magnetic field at the initial time t . This function may be expected to fall off in time; however, the size of the causal region also changes after the quench. Indeed, for c 0 < c, the causal region expands after the quench, which tends to amplify the response function. This is consistent with the fact that θ > 0 for c 0 /c < 1 resulting in an increase of G R (t t ) ∼ (t/t ) θ with t/t . In the opposite regime where c 0 /c > 1, the causal region shrinks after the quench that leads to a decrease of the response function with t/t . In a similar way, one can also characterize the dependence of the correlation function G K (t, t , x − x ) = −i [φ(x, t), φ(x , t )] + . It turns out that the correlation function G K (t t ) ∼ (t/t ) θ also has the same universal dependence on t/t , at least to the lowest order in expansion. The dependence on short times, and the fact that the same exponents arise in both response and correlation functions is different from classical aging [46] as well as quantum aging in a deep quench from a noncritical initial state [36] [37] [38] , but is similar to the short-time universal behavior in a system coupled to a zero-temperature bath [42, 43] .
Conclusions and Outlook.-In this work, we have considered quench dynamics in a quantum system, and have studied the long-lived prethermal state emerging before the onset of thermalization at long times. Crucially, we have considered a quench protocol where an initial critical state is suddenly quenched to a prethermal critical state with the double fine-tuning reminiscent of quantum phase transitions. We have shown that the prethermal critical state falls under a genuinely quantum dynamical universality class, and furthermore the dynamics at short times follows a distinct universal behavior that mimics a kind of quantum aging. While we have focused on the paradigmatic O(N ) model, our general conclusions should apply to a generic situation where the system approaches a long-lived prethermal state. Nearly integrable models, including those in 1D, would be interesting candidates to further probe the universal dynamics at short times after a quantum quench.
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Supplemental Material
In this supplement, we derive the RG equations describing the prethermal state (Sec. I), and also derive the short-time exponent θ and the scaling form of the response function (Sec. II).
I. RG EQUATIONS
We start by setting up the Hamiltonian dynamics within the framework of the Keldysh formalism. The Keldysh action on the closed-time contour reads as S =
where the subscripts ± denote the forward/backward branches of the contour, and
2 is the Lagrangian corresponding to the Hamiltonian in Eq. (1) of the manuscript. It is more convenient to write the action in the Keldysh basis defined as φ c/q = (φ + ± φ − )/ √ 2. The action then reads
In principle the coefficients of the two interaction terms may evolve differently under RG. However, we shall see that, at least to the order considered here, their RG flow is indeed the same, which is reminiscent of a quantum critical point. The response and correlation functions can be represented in the Keldysh basis as iG R/K (t, t , x − x ) = φ c (t, x)φ q/c (t , x ) . Due to the O(N ) symmetry, cross correlations are zero, and therefore we consider the propagators G R/K corresponding to a single component of the field φ. We further adopt the notation g R/K for the response and correlation functions at the quadratic level of the action; the latter are given by [36] 
Note that the response function at the quadratic level, g R , only depends on the time difference, t − t . To find the scaling dimensions at the critical point where ω k = c|k|, we first note that the equal-time correlation function inside the light cone, |x − x | 2ct, approaches a stationary value given by
where the constantsK ± ≡ (c/c 0 ± c 0 /c)/2 are defined as the value of K ± at the critical point. Together with the quadratic part of the Keldysh action, this equation determines the scaling dimensions of the fields at the quadratic level as
resembling those of a quantum phase transition in d dimensions with z = 1. Using these scaling dimensions, the coefficients r and u scale as r → b 2 r and u → b 3−d u under rescaling space and time coordinates. Next we consider the renormalization of the coefficients r and u by integrating out higher-momentum modes. However, one should choose a smooth cutoff to avoid nonsensical results. At the one-loop level, we choose a simple scheme where the conventional momentum-shell integral over |k| ∈ (Λ − ∆Λ, Λ] is substituted by´>(·) ≡ k [h(|k|/Λ) − h(|k|/(Λ − ∆Λ))] (·) where the dot represents the (momentum-dependent) integrand, and h(x) is a smooth function such that lim x→0 h(x) = 1 while it decays sufficiently rapidly as x → ∞; for example, h n (x) = e −x n for a positive n. Using this scheme, we obtain the renormalization of the mass term r to the first order in u as ∆r = N + 2 12N uˆ> ig K (t, t, k) = N + 2 12N
We have computed the integral to the appropriate order in since we are interested in the vicinity of the fixedpoint values of r and u which are both anticipated to be of the order O( ). The dots include terms of higher orders in and those that decay with time. Together with the scaling of r, the above equation yields the RG equation for r. In the limit of n → ∞ and up to the order of O( 2 ), this is consistent with the first equation in Eq. (2) of the manuscript, which is simply computed by imposing a hard cutoff. Different values of n will change the fixedpoint value of r but do not affect its universal properties and the corresponding critical exponents such as ν.
A nontrivial renormalization of u starts at the second order in u,
A simple calculation shows that this quantity approaches a constant at long times (Λct 1). We find, to the
